The mode of action of the furanone herbicide flurtamone and derivatives was investigated with cress seedlings and with the unicellular cyanobacterium Anacystis. Either in the light or in the dark these compounds inhibited the formation of a-and ,-carotene and all of the xanthophylls in the seedlings. Instead, phytoene, a precursor of colored carotenoids, was accumulated. In illuminated seedlings photooxidative destruction of chlorophyll was observed. The Iso value of flurtamone inhibition of carotenoid biosynthesis in intact Anacystis cells and the K, value for interaction of flurtamone with phytoene desaturase with Anacystis thylakoids were 30 and 18 nanomoles, respectively. Concentrations of flurtamone which strongly inhibited carotenoid synthesis had no direct peroxidative activities and did not inhibit photosynthetic electron transport.
In recent years, several chemically unrelated bleaching herbicides have been developed (see Sandmann and Boger [1 1] for review). Their mode of action is inhibition of carotenoid biosynthesis. They decrease the level of colored carotenoids so that phytoene is accumulated instead. A subsequent photooxidative destruction of Chl is the consequence which may lead to complete bleaching of the pigments in the photosynthetic apparatus. For difunon (1) , a diflufenican analog (9) , and for norflurazon (6, 12) it could be demonstrated by in vitro studies that these herbicides directly interact with phytoene desaturase, the first enzyme in a series of carotene interconversion reactions leading to a-and (3-carotene.
Flurtamone, a new furanone herbicide, has been introduced (14) . As a preemergence herbicide it exhibits activity against a wide range of weeds and shows selectivity to several crops (7) . As treated plants show all symptoms typical for a bleaching herbicide, we investigated the effect of flurtamone on the carotenoid content of cress seedlings as well as on the carotenoid pattern of Anacystis. Furthermore, membranes from this cyanobacterium were used to study the direct interaction of flurtamone with carotenogenic enzymes as previously demonstrated for other bleaching herbicides (5).
MATERIALS AND METHODS Cultivation
Cress seedlings (Lepidium sativum) were germinated and grown for 3 d on filter paper in Petri dishes with 4 mL tap water containing various flurtamone concentrations either in darkness or in light with 60 AE/m2 x s. The leaves were cut off, freeze dried, and extracted for carotenoids. Anacystis R2 (Synechococcus PCC 7942) was cultivated for 2 d as previously described (12) . Cells were harvested by centrifugation and immediately used for carotenoid analysis or in vitro assays. Packed cell volume of the cultures was determined in graduated microcentrifuge tubes. The carotene-deficient mutant Phycomyces blakesleeanus C5 was grown for 4 d as previously described (13 In Vitro Carotenoid Formation In vitro carotenogenesis was carried out in a coupled system with Phycomyces C5 extracts as source of phytoene from R-[2-'4C]mevalonic acid and Anacystis membranes performing the subsequent pathway to f-carotene (10, 12) . Prior to separation by HPLC, the carotenoid extract was evaporated, dissolved in toluene, and passed through a silica gel column to remove polar contaminants. Radioactivity was continuously recorded by an on-line radioactivity flow detector.
Herbicide Derivatives
The furanones employed in this study, flurtamone (=RE 40885; 5-methylamino-2-phenyl-4-(3-trifluoromethylphenyl)-3(2H)-furanone; analog A (the 3-chlorophenyl derivative), and analog B (5-methylamino-2,4-diphenyl-3(2H)-furanone) were synthesized at Chevron AgChem and Technical Center and had a purity of greater than 95%. The structures of these compounds are presented in Figure 1 .
RESULTS
The initial experiment was performed to investigate the effect of flurtamone on pigment content of cress seedlings. In order to demonstrate pigment bleaching, the seedlings were germinated in the presence of flurtamone either in light or in darkness (Table I ). In the light, a l0-' and 10-6 M concentration strongly decreased the contents of Chl a and b as well as the content of colored carotenoids. In addition, phytoene was accumulated. This colorless precursor of a-and :-carotene was below the detection limit in the untreated control. At both concentrations of flurtamone, the levels of carotenoids and Chl were found to be greatly decreased. Germination under low light conditions (5 AE/m2 x s) prevented most of the herbicide-dependent decrease in the Chl level, however, the carotenoid content was found to be diminished as under the high light condition (data not shown). Etiolated seedlings grown in the darkness (which do not synthesize Chl) were similarly treated with flurtamone. Herbicide activity was therefore measured by the carotene and xanthophyll concentrations which were found to be only about 30% of that of the light control. Decrease of carotenoid levels in etiolated leaves by flurtamone was similar to illuminated green leaves exhibited a certain amount of phytoene conversion into {- Anacystis is one of the few photosynthetic organisms which can be used to compare in vivo and in vitro carotenogenesis (2, 12) . In Table III In addition, the potential of flurtamone and the two derivatives to inhibit photosynthetic electron transport in spinach chloroplasts (see Sandmann and Boger [8] for experimental details) and to initiate peroxidative degradation of acyl lipids was measured with cells of the green alga Scenedesmus (4). The results were negative (data not shown).
DISCUSSION
The mode of action of the typical bleaching herbicides is interference with the conversion of phytoene into colored carotenoids (1 1). For norflurazon, a noncompetitive reversible interaction with the enzyme phytoene desaturase has been demonstrated (12) . Obviously, the phytotoxic effect ofbleaching herbicides is a subsequent photooxidative degradation of Chl due to lowered carotenoid levels.
Decrease of carotenoids in the presence of flurtamone and its derivatives occurs in illuminated and in dark-grown cress seedlings as well as in the cyanobacterium Anacystis (Tables  I and II) . The carotenes and various xanthophylls are affected more or less to the same extent. Under all conditions, phytoene is accumulated instead ofcarotenoids. In vitro carotenebiosynthesis studies with Anacystis thylakoids demonstrated the direct interaction of flurtamone and its derivatives with phytoene desaturase which converts phytoene into {-carotene. When the furanone herbicides were applied, the radioactivity in {-carotene as well as in the subsequent carotenes was decreased (Table III) . Consequently, flurtamone inhibition of phytoene desaturase is the reason for interrupted formation of carotenes and xanthophylls.
Formation and decrease of Chl is light-dependent in cress seedlings, whereas inhibition of carotenoids by flurtamone is not. These results give strong evidence that Chl decrease in the presence of flurtamone is a secondary effect most possibly occurring by singlet-oxygen mediated photooxidation which is favored in the absence of carotenoid quenching of singlet oxygen.
Altogether, the herbicidal mode of action can be summarized in a chain of events, starting with inhibition of phytoene desaturation, then leading to low carotenoid levels. The consequence of decreased carotenoid content of the photosynthetic pigment-protein complexes is photooxidative degradation of Chl and damage of the photosynthetic apparatus is the final phytotoxic effect.
In vivo and in vitro results shown in Tables II and III  demonstrate that of the three compounds tested, flurtamone is the most efficient inhibitor of phytoene desaturation. A substitution of the m-CF3 group at the phenyl ring by Cl or H decreased the herbicidal activity. More detailed structureactivity studies with a range of flurtamone derivatives which have been synthesized (14) are in progress.
The structure of flurtamone ( Fig. 1) resembles to some extent that of difunon [5-(dimethylaminomethylene)-2-oxo-4-phenyl-2,5-dihydrofurane carbonitrile-(3)], which is another bleaching herbicide interacting with phytoene desaturase (1) . Recent characterization of a range of resistant Anacystis mutants selected against norflurazon exhibited very little crossresistance with other chemically unrelated bleaching herbicides (5) . This indicates that the various inhibitors ofphytoene desaturase interact with different regions of the enzyme. We have now generated difunon-and flurtamone-resistant Anacystis mutants. Assays for possible cross-resistance of these two furanone-type herbicides as well as binding and replacement studies will reveal whether flurtamone and difunon share identical binding sites on the phytoene-desaturase protein.
